Daniel Ragona, 2 Vikram C. Thakur, 3 Gordon G. Seitz 4 The Black Mango fault is a structural discontinuity that transforms motion between two segments of the active Himalayan Frontal Thrust (HFT ) in northwestern India. The Black Mango fault displays evidence of two large surface rupture earthquakes during the past 650 years, subsequent to 1294 A.D. and 1423 A.D., and possibly another rupture at about 260 A.D. Displacement during the last two earthquakes was at minimum 4.6 meters and 2.4 to 4.0 meters, respectively, and possibly larger for the 260 A.D. event. Abandoned terraces of the adjacent Markanda River record uplift due to slip on the underlying HFT of 4.8 Ϯ 0.9 millimeters per year or greater since the mid-Holocene. The uplift rate is equivalent to rates of fault slip and crustal shortening of 9.6 Ϫ3.5 ϩ7.0 millimeters per year and 8.4 Ϫ3.6 ϩ7.3 millimeters per year, respectively, when it is assumed that the HFT dips 30°Ϯ 10°.
The ongoing collision of India into Eurasia has produced four major thrust earthquakes along the ϳ2500-km length of the Himalayan front during the past ϳ100 years (1), yet none of the events reportedly produced coseismic surface ruptures (2, 3) (Fig. 1A) . Here, we report paleoseismological evidence of the size and timing of surface-rupturing thrust earthquakes along the HFT as well as a quantitative bound on the rate of fault slip on the HFT, from a site located about 80 km northwest of Dehra Dun.
Regional setting. The collision of India with Eurasia since the Eocene has accommodated 2000 to 3000 km of convergence (4) . The boundary between the Indian and Eurasian plates forms an arc that extends ϳ2500 km across the continent (Fig. 1A) . Plate motion models and recent Global Positioning System (GPS) measurements indicate that convergence between the Indian and Eurasian plates is between about 40 and 50 mm/year (5, 6) . Between about 10 and 20 mm/year of the total 40 to 50 mm/year of convergence is taken up by thrust motion along the Himalayan arc, with the remainder taken up farther to the north by a combination of thrusting, crustal extension, and strike-slip motion within the Eurasian Plate (3, (7) (8) (9) . Three major south-verging thrust faults strike the length of the Himalayan arc (Fig. 1) . The northernmost of the three thrusts is the Main Central Thrust (MCT), which emerges along the southern edge of the High Himalaya and has not been observed to break Quaternary deposits and, hence, is generally considered inactive (10) . The Main Boundary Thrust (MBT) marks the southern edge of the Lesser Himalaya, is expressed in bedrock along the arc, and is locally observed to displace Quaternary deposits (10, 11) . The southernmost thrust is the HFT, which is now considered to be the most active of the three and delineates the northern limit of the exposed Indian Plate. The HFT displaces Tertiary and Quaternary sediments of the Siwalik Group over the Indo-Gangetic plain (11) (Fig. 1) .
The region of most severe shaking and damage associated with the major historical earthquakes along the Himalayan arc is generally bounded by the MCT to the north and the HFT to the south (1) (Fig. 1A) . Instrumentally recorded seismicity of moderate magnitude events is concentrated beneath the MCT at depths between about 10 and 20 km (12) (Fig.  1B) . Active deformation along the HFT is expressed by scarps, uplift, and folding of late Quaternary and Holocene deposits (10, 11) . The largest earthquakes have been interpreted to occur along a shallowly dipping décollement that extends beneath the Lesser and Sub-Himalayas and emerges as the HFT (Fig. 1) (1) . It remains today somewhat of a conundrum that geological evidence of late Quaternary surface rupture is visible along the HFT, yet none of the major historical earthquakes have reportedly produced surface rupture (2, 3) .
Structural setting. The Black Mango tear fault is located along the northwestern portion of the HFT between two areas of intense shaking associated with the magnitude (M s ) ϳ7.8 1905 earthquake (13) (Fig. 1) . The fault transforms motion between two segments of the HFT and passes through the small town of Kala Amb ( Fig. 2) (14) . Scarps in Quaternary alluvium are not distinct along the main trace of the HFT near Kala Amb. Displacement on the underlying HFT has produced an asymmetric south-verging anticline within the Siwalik Group in the hanging wall (Fig. 3) . Near Kala Amb, Siwalik beds on the back limb of the anticline show northerly dips ranging between 20°and 40°. Dip directions reverse and are as steep as 60°to the south on the forelimb of the anticline (15) . Similar structures are observed elsewhere along the HFT and have been attributed to fault-bend or fault-propagation folding (8) . Uplift observed on the east side of the Black Mango fault is due to displacement on the underlying and dipping HFT (Fig. 2) . The dip of the underlying HFT beneath the back limb of the fold is equal to or greater than the dip of strata in the back limb (30°Ϯ 10°), depending on the presence or absence of internal shear in the hanging wall (16) .
Longer term uplift along the HFT is reflected in fluvial strath terraces of the Markanda River, which are abruptly truncated by the Black Mango fault and now sit about 27 m above the active stream grade (14) . The terraces occur as thin remnants along the Black Mango fault and as broad well-preserved flats along the Markanda River (14) . The strath deposits rest on Siwalik bedrock, are generally about 7 m thick where not eroded, consist of rounded pebble-cobble gravels, and are commonly capped by 1 to 2 m of fine-grained loamy sand. Radiometric dates on two fragments of charcoal collected from a finer grained lens 4.7 m below the terrace surface provide a maximum age of the terrace surface: 4896 Ϯ 68 and 5069 Ϯ 205 calendar years before present (cal years B.P.), respectively ( Table 1) . Abandonment of the Markanda terrace is attributed to tectonic uplift on the basis of the truncation of the terraces by the Black Mango fault. Dividing the 27-m relative uplift of the terraces by the younger detrital charcoal date yields a minimum bound on the uplift rate of 4.8 Ϯ 0.9 mm/year. If we assume that the dip of the HFT beneath the Siwalik hills is 30°Ϯ 10°N and that the uplift of the terraces reflects displacement on the underlying HFT, the rate of slip on the HFT is limited to 9.6 Ϫ3.5 ϩ7.0 mm/year. The equivalent rate of horizontal contraction for these fault dips and slip rate is 8.4 Ϫ3.6 ϩ7.3 mm/year. Earthquake displacement and recurrence. We excavated a trench across a scarp of the Black Mango fault expressed in younger alluvium to place bounds on the size and recurrence time of the most recent of the earthquakes that have produced uplift of the Markanda terraces (Fig. 4) . The trench is located near the village of Kheri Taprion, where the fault curves and joins with the HFT. Vertical separation between the hanging and footwall surfaces of the well-expressed scarp at the trench site is ϳ4.8 m. The ϳ55-m-long trench exposure shows that the scarp is principally the result of slip and folding associated with four low-angle thrusts, labeled F1, F2, F3, and F4 in Fig. 4 .
Sheared and faulted packages of Siwalikderived colluvium and weathered bedrock units on the hanging wall above fault strand F1 are the oldest in the exposure and labeled unit 1 in Fig. 4 . The intensity of shearing within these hanging wall units indicates that the hanging wall has been deformed by several earthquakes. No scarps are associated with the shears within the Siwalik colluvium and bedrock that reach the surface, although the overlying soil is stripped and the accommodation of strike-slip motion on these shears is likely. The unconformity between the fan gravel units (unit 2) to the southwest and the Siwalik materials on the hanging wall is a scarp, probably tectonic in origin and predating deposition of fan gravel units. The now buried scarp may reflect displacement on trace F4 observed only at the very base of the trench. The fan gravel unit includes two distinct facies: coarser channel fill deposits of pebble-cobble size clasts with few boulders (unit 2a) and intervening massive fine and medium silty sand (unit 2b). The fan gravel unit dips 14°southwestward in the exposure and is displaced by fault strands F1, F2, and F3. The southwesternmost flat-lying beds on the footwall (unit 3) are a sequence of younger medium to fine silty sand and pebbly fine sand that contain two distinct buried soil horizons, Qb1 and Qb2, respectively.
Fault strand F3 cuts the lower soil Qb1 but not the upper Qb2 soil. The soil Qb1 on the footwall is interpreted to have been at the ground surface, perhaps buried by a thin veneer of younger sediment, at the time of displacement of fault strand F3. Displacement on F3 resulted in shearing of soil horizon Qb1 and ploughing of sediments now preserved immediately beneath the upward termination of the F3 strand. A sequence of radiocarbon dates on detrital charcoal immediately beneath Qb1 places the maximum age of the Qb1 surface and, hence, displacement on F3, at 1349 Ϯ 55 A.D. (sample C-18 in Fig. 4 and Table 1 ). Displacement on F3 was followed by continued accumulation and onlap of the fine-grained sands of unit 3 on the footwall and development of soil Qb2. The uppermost portion of unit 2b on which Qb2 soil is developed is probably scarp-derived colluvium composed of unit 2b materials. Fault strand F2 cuts higher in the section and disrupts sediment at the level of the Qb2 soil horizon. Cross-cutting relationships were not sufficient to uniquely determine whether F2 disturbs sediments of unit 3 above soil Qb2. A colluvial layer from which a radiocarbon sample (C-24) yielded a modern age is the oldest unit unambiguously not disturbed by F2. The age of detrital charcoal recovered from soil horizon Qb2 (sample C-15 in Fig. 4 and Table 1 The amount of slip in each earthquake is not Fig. 3 . Geology and schematic cross section of Kala Amb area shows location of Black Mango fault (12) . Box outlines portion of the area examined during this study. (Fig.  4) . Restoration of displacements on the shallow dipping F1, F2, and F3 strands only accounts for 1 m of the 7.2 m vertical separation. There are two reasons for this discrepancy. First, the scarp reflects folding in addition to fault displacement, in which case the fault displacements recorded by F1, F2, and F3 are minimum measures of fault displacement for the earthquakes. Second, there existed a scarp before the occurrence of the two earthquakes that produced slip on F1, F2, and F3. The displacement responsible for the preexisting scarp is recorded by the steeply dipping unconformable contact between the Siwalik materials on the hanging wall (unit 1) and the fan gravels (unit 2) that now dip about 14°southwest. The scarp may be the result of displacement on fault strand F4, a shear at the base of the Siwaliks sediments exposed in the hanging wall. Strict interpretation of radiometric ages shows the dip panel of fan gravels to have been emplaced in between about 38 B.C. and 775 A.D. Sample C-23 is interpreted to be reworked detrital charcoal on the basis of its older age as compared with samples C-2 and C-52 from the same stratigraphic level. On that basis, we infer that deposition of the gravels occurred in yet a briefer period of time between 261 and 775 A.D. and further speculate that the pulse of sedimentation across the scarp reflects deposition after a single earthquake that occurred at about 261 A.D. The exposed thickness of sediments in the dip panel provides a minimum bound on the vertical displacement (4 m) across the scarp formed during the hypothesized 261 A.D event. If the vertical displacement is due to slip on shallow dips of 9°t o 12°observed for faults F1, F2, and F3, then this event was larger than the subsequent events.
Major historical thrust earthquakes have not been observed to produce surface ruptures, so the observation of surface rupture along the Black Mango fault leads to interesting questions concerning the mechanics of earthquakes along the HFT. Modern-day seismicity along the HFT is concentrated at depths between about 10 and 20 km below the MCT (12) (Fig.  1) . Similarly, available GPS studies indicate that modern-day strain accumulation is concentrated above the MCT and nearly absent to the south between the MCT and HFT, where the meizoseismals of the great historical thrusts are located (7). These observations indicate that the major historical earthquakes initiated at a point of localized strain accumulation beneath the MCT and propagated southward on the order of 100 km along a shallow décollement that surfaces as the HFT (1) . Given that none of the major historical earthquakes have reportedly produced surface rupture, the observations from the Black Mango trench suggest at least three possible interpretations. First, the earthquakes recorded in the trench represent lesser, although certainly large, displacements localized on the toe of an essentially flat and very shallow dé-collement surface of the HFT. Alternatively, they reflect earthquakes that initiate at the MCT that are large enough to propagate to the surface at the HFT and, in that sense, yet larger than the major earthquakes that have already been recorded historically. Finally, there exists a possibility that none of the major historical earthquakes occurred on the HFT, as suggested recently for the 1897 earthquake of Assam (17) . Another puzzle arises when considering that the Black Mango fault lies between the two distinct meizoseismal regions of the 1905 earthquake (18, 19) (Fig. 1) . Historical reports (18) and reanalyses (19) of the 1905 event report no evidence of surface rupture. However, within the resolution of our measurements, the incomplete historical reports, and the observed youthfulness of the scarp and associated fractures, it is possible that the 1905 Kangra earthquake is recorded as the younger slip event in our trench.
